The region spanning the tumour necrosis factor (TNF) cluster in the human major histocompatibility complex is implicated in susceptibility to immunopathological disease, but ethnic differences and linkage disequilibrium have hampered identification of critical polymorphisms. Here, we investigate Europeans, Asians (Bidayuh, Chinese, Indian, Jehai, Malay, Temuan) and Australian Aborigines to provide a framework for disease-association studies. DNA from 999 unrelated healthy donors was genotyped at 38 loci, primarily in coding and promoter regions over a 60-kb region spanning seven genes near TNF. The PHASE algorithm was used to statistically infer TNF block haplotypes and estimate their frequencies in each population. The TNF block is carried as 31 haplotypes in all populations combined, with o19 in any single population. Only six haplotypes have a unique tag single nucleotide polymorphism (SNP) valid for all populations, but seven haplotypes could be tagged with individual SNPs in selected populations. Four to eight TNF block haplotypes exist across all ethnicities, and hence must predate the divergence of these populations from a common ancestor 4160 000 years ago. Some haplotypes are unique to isolated populations, but they do not contain unique SNP. Hence, they reflect restricted migration and/or extinction of some families rather than de novo mutation.
Introduction
The major histocompatibility complex (MHC) on the human chromosome 6p21 spans 3.5-4.5 mb, depending on the haplotype, and is divided into the class I and II regions and the central MHC (see Figure 1 ). The class I and II regions encode the human leucocyte antigens responsible for the presentation of antigens to T-cells. The central MHC spans 1.1 mb and contains 450 genes, some of which encode immune-related proteins. Disease may also be influenced by the gene encoding tumour necrosis factor (TNF). This pro-inflammatory cytokine is an essential component of inflammatory and immune responses, but may be harmful in excess. Alleles of TNF and nearby genes are associated with susceptibility to numerous immunopathological diseases, including type I diabetes and myasthenia gravis. 1 However, the precise gene(s) or polymorphism(s) responsible for these complex disease phenotypes remain unknown, because linkage disequilibrium creates conserved haplotypes within and across the MHC. Comparisons between haplotypes associated with a disease in multiple ethnic populations may narrow the list of candidate polymorphisms that warrant more detailed study.
TNF block haplotypes were first characterised in a West African population recruited in The Gambia. 2 Twenty-five single nucleotide polymorphisms (SNPs) spanning B80 kb near TNF yielded 22 haplotypes accounting for 80% of the sample. Subsequently, we investigated 19 SNPs spanning 45 kb around TNF and found only 17 distinct haplotypes (occurring at frequencies 41%) in a mixed European population from Western Australia. 3 This work is extended here to characterise haplotypes defined by 38 SNPs spanning seven genes, which we defined as the 'TNF block', MCCD1, BAT1 (UAP56), ATP6V1G2, NFKBIL1 (IKBL), LTA (TNFB), TNF (TNFSF2, TNFA) and LST1 (B144) (see Figure 1 ; Table 1 ), in European (Western Australian), Asian (Bidayuh, Chinese, Indian, Jehai, Malay, Temuan) and Australian Aboriginal populations. The data provides a framework for disease-association and ethnographic studies. From 999 samples, we defined 31 haplotypes overall, with o19 present in any population. Four to eight of the most common haplotypes were found in all ethnicities. Possible origins of the haplotypes and candidate tag SNPs are discussed.
Results
Allele frequencies vary between populations DNA samples from 999 individuals representing European, Australian Aboriginal, Indian and South-East Asian (Bidayuh, Chinese, Jehai, Malay, Temuan) populations were genotyped for 38 selected SNPs in the TNF block (see Table 1 ; Figure 1 ). All SNPs were in Hardy-Weinberg equilibrium (HWE) (P40.05), with the exception of rs3130055, rs2857605, rs2230365 (Busselton samples HWE P ¼ 0.004, 0.01, 0.01; GSR 80-90%), rs1055388, rs2230365, rs1052248 (North Indian samples P ¼ 0.045; GSR 490%) and rs1800629 (Australian Aboriginal samples P ¼ 0.008; GSR 93%), in which an excess of heterozygotes was observed (data not shown). These SNPs were retained in the dataset.
Frequencies of the minor allele (allele 2) for each SNP varied with ethnicity (see Table 1 ). For example, rs3130062 and rs3093665 were monomorphic in Asian cohorts, but not in Europeans and Australian Aborigines. It was noted that rs1052248 had an MAF of 0.29 in Europeans, but was very common in Indian (MAF ¼ 0.50), Australian Aboriginal (MAF ¼ 0.46) and Bidayuh (MAF ¼ 0.49) populations.
TNF block haplotypes are few in number and most are shared by several ethnic populations Multiple iterations of the PHASE algorithm identified 31 haplotypes altogether, with o19 at a frequency X1% in any single population. These haplotypes account for 489% of the samples in each population (see Figure 2) . A number of comparisons deserve particular mention.
1. The number of reconstructed haplotypes was approximately the same (18 and 15 out of 2 38 possible haplotypes) in samples from Busselton and Perth. If haplotypes with frequencies 40.4% (that is, 42 cases) are considered, then the numbers become more similar (19 and 18, respectively) . The distribution of haplotypes in the Perth and Busselton cohorts was also similar. The only exceptions are FV25 (5.7% in Busselton, 2.4% in Perth, Fisher Exact test P ¼ 0.03) and FV20 (1.0% in Bussleton, 0% in Perth, P ¼ 0.05). Hence, these largely European cohorts were merged for phylogenetic analyses. 2. The South-East Asian and South-Indian cohorts had fewer haplotypes (range 8-15), so some haplotypes occurred frequently in these ethnic groups. For example, FV27 reached 41% in Jehai and FV18 reached 29% in Chinese, whereas the highest frequency reached in Europeans was 14% (FV16). This may be an artefact arising from the small sample sizes or may reflect derivation from a small ancestral pool. 3. The frequency of the FV6 haplotype differed markedly between North (3.5%) and South (20%) Indians ( Figure 2 ). FV6 was also common in the Australian Aborigines (19%). 4. Four haplotypes (FV10, FV18, FV25, FV27) exist across all ethnicities (see Figure 2 ), whereas another four (FV6, FV8, FV11, FV16) exist in European, Australian Aboriginal, South-East Asian and Indian populations (see Figure 3 ). Other haplotypes were missing from one or more populations. For example, FV1 was not found in South-East Asian populations, but was present in Indians, Europeans and Australian Aborigines. This highlights the need for a strategy to visualise relationships between the haplotypes found in each population.
We ordered the haplotypes in terms of their similarity and built a phylogenic tree. The frequency of each haplotype in each population is presented as a pie graph superimposed on the dendogram. To allow the data to be visualised (Figure 3 ), the two Indian populations and five South-East Asian populations were grouped. This is a simple geographic association, not based on genetic similarity. We also grouped samples from Perth and Busselton to form a European cohort. This analysis showed a hierarchical structure in haplotype diversity, with five distinct clusters (FV1-FV5, FV6-FV10, FV11-FV14, FV15-FV24, FV25-FV31). Each cluster could be characterised by a pattern (see Figure 2 ). The first cluster (FV1-FV5) shared minor alleles of rs2844509, rs4947324, rs2229094 and rs3093662. The second rs2523506, Evolution and diversity of TNF block haplotypes FP Valente et al Figure 2 Thirty-one haplotypes explain most individuals in all populations studied. Frequencies were defined by PHASE program, 15, 16 such that values reflect the probability of a given haplotypic assignment in each individual of that population. A dash '-' represents the major allele and '2'represents the minor allele. NF represents 'not found' in the samples tested. Red indicates SNPs which tag haplotypes in all cohorts in which they occur. Grey represents population-specific tag SNPs. A full colour version of this figure is available at the Genes and Immunity journal online. Figure 3 The eight TNF block haplotypes found in all populations span multiple haplotype clusters and no cluster is specific to one ethnic group. The dendogram was reconstructed using the DNAPARS algorithm 18 and drawn with the NJPLOT program. 19 The pie graphs reflect the cumulative frequencies of each haplotype.
Evolution and diversity of TNF block haplotypes FP Valente et al rs2251824, rs2229094 and rs1799964; the third rs2844509 and rs2071590; the fourth had rs2071594 and the last one rs1055388, rs2239528 and rs2523504. Hence, five carefully chosen SNPs can distinguish haplotype families that represent 489% of all samples. The key finding was that each population group carried haplotypes in all five clusters and no cluster was specific to one population group. Subsequent analyses separated the North and South Indians (data not shown) and the Malay, Chinese and Orang Asli (see Figure 4 ). Again no population was constrained to a single haplotype group, though the specificity of some haplotypes to one population is clearly visualised. This suggests that the divergence of TNF block haplotypes precedes the split between populations.
A key question to answer is whether the haplotypes arose by mutation or recombination. Two examples suggest that one must postulate reversion/recurrence of some SNPs or multiple recombination events to explain how the haplotypes formed.
1. The two Bidayuh-specific haplotypes (FV26, FV29) differed by one SNP from the more common haplotypes FV25 and FV27, respectively (see Figures 2 and  4) . We considered whether this could be explained by a mutation (rs3093661) occurring after the Bidayuh became an isolated population. However, FV1, FV2, FV3 also carry allele 2 at rs3093661 and fall into a different haplotype cluster, so it is not likely that rs3093661 arose after the Bidayuh population became isolated. 2. Within the cluster comprising FV6-10, FV8 carries allele 2 at the smallest number of loci. Other haplotypes within the group differ from FV8 by only 1 or 2 SNPs (see Figures 2-4) , so the simplest hypothesis suggests that FV8 is ancestral within this group. However, the SNPs distinguishing FV8 from FV7 and FV10 (rs3219186 and rs2230365) exist on haplotypes outside the group. Perhaps the true ancestor of the FV6-10 group carried allele 2 at these loci and the common features of the group evolved on this background. At some stage, allele 2 of rs3219186 or rs2230365 (and then both) could have been lost by some individuals, creating FV6-10. However, this model requires allele 2 of rs3219186 and/or rs2230365 to have been lost independently by some individuals who are not ancestral to the FV6-10 group.
The alternative hypothesis is that the haplotypes were generated by recombination events. This is difficult to envisage as a means to place rs3219186 or rs2230365 into multiple haplotype families. However, at the centromeric end of our SNPs panel, the minor allele of an SNP in the LST1 Exon 5 gene (rs1052248) occurred in all five clusters and accounted for 28% of European, 42% of Australian Aboriginal, 32% of South-East Asian and 47% of Indian haplotypes. We suggest that this SNP may lie outside the TNF block, so it has segregated by recombination. The most telomeric SNP (rs3130055) is largely restricted to the FV25-31 cluster, so we suggest that it lies within the TNF block. The telomeric end of the block is, therefore, not defined.
Many haplotypes have no unique tag SNP, so most individuals cannot be typed using tag SNPs from our panel Tag SNPs are unique markers of a particular haplotype. Seven SNPs (rs9281523, rs7738380, rs3130062, rs2516312, rs1800750, rs1799769, rs3093665) tagged six haplotypes Table 2 ). Limited genotyping was available for two candidate tag SNPs, which could not be genotyped using Taqman, Amplifluor or SNPlex techniques. MALDI-MS yielded median (range) success rates of 72(15-97)% for BAT1-223 (rs41293919) and 58(49-69)% for NFKBIL1 þ 1372 (rs45457097) with no deviation from HWE (P40.05). 3 A preliminary screen suggested that the minor allele of BAT1-223 was a unique marker of the FV1 haplotype in the European, Australian Aboriginal and North Indian populations. On the other hand, NFKBIL1 þ 1372 split the common FV18 haplotype and created novel haplotypes. FV18a carried the minor allele of NFKBILI þ 1372 in the European (10%), Australian Aboriginal (4%) and North Indian (2%) populations only, whereas FV18b accounted for all other instances of FV18 (see Table 2 ).
Discussion
The limited number of TNF block haplotypes contrasts with the extensive polymorphism found in the class I and II regions of the MHC. Indeed, 31 haplotypes defined the TNF block region in different ethnicities. The South-East Asian and the South-Indian cohorts had fewer haplotypes, and some occurred more frequently than the most common European haplotype. This may be attributed in part to non-European haplotypes missed because SNPs were selected with a European bias. However, Australian Aboriginal, North Indian and Malay populations yielded 15 or 16 haplotypes. Another possible explanation is small sample size. However, when analyses were repeated with the South-East Asian cohorts pooled, the number of haplotypes present at X1% was reduced (19 to 16; data not shown). Moreover, the Malay population yielded more than the Orang Asli. Alternatively, numbers of haplotypes could have been reduced by restricted migration of Chinese and South Indians to Malaysia and by the small size of surviving Orang Asli populations. Currently, there are only a thousand Jehai in Malaysia. They form a subgroup of the Negito indigenous community and are live in small settlements in the Belum Forest, Grik district in the north of Peninsular Malaysia. These Jehai are believed to be the descendants of the oldest human settlers in South-East Asia who migrated out of Africa and still live semi-nomadic lives. 4 The relatedness of human populations has been studied through archaeological evidence and through genes in the mitochondrial and Y chromosomes. Briefly, Homo sapiens evolved in Africa from around 160 000 years ago and migrated across Asia B85 000-75 000 years ago. They diverged at the Malay Peninsular during the ice age when sea levels were low (74 000-65 000 BCE) to form Chinese and Australian Aboriginal populations. Migration into Europe from Africa occurred independently at a later date (B50 000 BCE). 5 Using this model, we asked whether TNF haplotypes arose during or after the population divergence, possibly selected by different infections and/or environments. The alternative is that they arose in Africa before the populations diverged.
Despite variations in the frequencies of haplotypes in each ethnicity, a fundamental set of 4-8 haplotypes exists across all ethnicities at an appreciable frequency. Each population grouping had haplotypes in all five clusters and no cluster was specific to one population. Moreover, several SNPs were found in multiple haplotypes from all ethnicities. Together, these observations suggest that TNF block haplotypes arose in a founder population before the separation of ethnic groups. This has been proposed using a highly polymorphic intragenic sequence in the central MHC typed in small numbers of cell lines from European, Japanese and Chinese donors and is confirmed here using biologically relevant loci and population-based samples. 6 Consistent with the underlying haplotype structure, pairs of SNPs occurring together in a single or in a few haplotypes were in significant linkage disequilibrium. Four pairs of SNPs (rs1129640-rs2516393, rs2239528-rs2523504, rs3130059-rs2071591 and rs7738380-rs2516312) were in complete linkage disequilibrium. The first pair was very close (120 b), whereas the latter was spaced by 21 kb. This supports the conclusion that TNF block haplotypes generally arose by mutation and not recombination.
A second but related question is whether mutation and subsequent population bottlenecks created the ethnicspecific haplotypes seen in Orang Asli populations (Figures 2-4) . However, no SNPs were unique to a single population. Indeed, many spanned several haplotypes. Hence, the ethnic-specific haplotypes probably reflect restricted migration and/or extinction of some families rather than de novo mutation.
In our data, a significant difference in the frequency of the FV6 haplotype was noted between North and South Indians. Although their genetic and cultural history of Indian is complex, it is clear that North Indian populations reflect input from Asian and European ('Aryan') migrations over many millennia, whereas South Indians retain a greater representation of the original migration from Africa B85 000-75 000 years ago. These are the Dravidian populations. 7 The FV6 haplotype had the same frequency in South Indian and Australian Aboriginal populations. A gene flow between Australian Aboriginal People and Southern Indians has been suggested earlier with the studies of the Y chromosome and maternally inherited mitochondrial DNA. 8, 9 The authors cite cultural evidence for a link around 3000-5000 years ago.
For completeness, it would be worthwhile to examine African populations. Indeed, one locus assessed, rs3093544, was mono-allelic in all cohorts examined here, and hence was excluded from our analyses. The SNP database (http://www.ncbi.nlm.nih.gov/SNP) and the International HapMap Project (http://www.hapmap. org) show that this locus is polymorphic in African Americans (n ¼ 24, MAF ¼ 0.062) and the Yoruba from Ibajan, Nigeria (n ¼ 60, MAF ¼ 0.033). This polymorphism may identify African-specific TNF block haplotypes. It is possible that TNF block haplotypes containing this locus evolved in Africans after the separation of other ethnic groups.
The most centromeric SNP analysed (rs1052248) lies in the LST1 gene and had a higher MAF in Indian, Australian Aboriginal and Bidayuh populations (average 0.49) than other ethnicities (average 0.28). Moreover, this SNP occurred in all five haplotype clusters. It is possible that this SNP is the oldest in the panel, predating separation of the haplotype families. As it is the most centromeric SNP typed and lies B10 kb from its nearest neighbour, a more attractive hypothesis is that it is separated from the other SNPs typed by a recombination hotspot and lies outside the TNF block. More SNPs in the LTB region and LST1 gene would help define the boundary of the block.
An important goal of this project is to establish a framework for disease-association studies. Pitfalls of using non-tag SNPs are illustrated using the FV16 haplotype. This contains TNF-308*2 (rs1800629), which has been associated with multiple disease phenotypes. 10 BAT1intron10*2 (rs9281523) is a tag SNP for FV16 in Northern Indians, Australian Aborigines, South-East Asians and Europeans. However, carriage of TNF-308*2 without BAT1intron10*2 has been observed earlier 11 and was characterised here as FV15 and FV17. NFKBIL1-62 (rs2071592) is associated with susceptibility to rheuma-toid arthritis 12 and lies in FV16 and six other haplotypes, so typing this SNP provides little information. We identified a small number of SNPs that could specifically 'tag' European haplotypes, reducing the cost of genotyping. However, these same SNPs often marked other haplotypes in non-European populations, so one must identify ethnic background before haplotype tags are assigned. Future projects should increase the number of SNPs screened and define the human leucocyte antigens haplotypes associated with each TNF haplotype. 13 
Materials and methods

Populations
Ten populations were studied. All samples were provided with the approval of the appropriate Institutional Ethics Committee and were collected from healthy unrelated volunteers who had given informed consent. Analyses of European populations were based on 193 and 205 DNA samples from Busselton and Perth, reflecting the predominantly pan-European population of Western Australia. Samples from India were derived from 128 donors living in North Indian states of Delhi, Punjab, Haryana and Uttar Pradesh, and 33 donors from regions around Chennai (Southern India) now resident in Kuala Lumpur (Malaysia). DNA samples were obtained from three indigenous Malaysian Orang Asli populations. These were the Jehai and Temuan (n ¼ 49 and 50) from North and South Peninsular Malaya, respectively, and the Bidayuh from Sarawak (East Malaysia, n ¼ 49). Samples were obtained from Malay (n ¼ 50) and Chinese (n ¼ 49, largely Southern Han) donors living in Kuala Lumpur. These five cohorts were merged to form a South-East Asian population for some analyses. Finally, Australian Aboriginal samples (n ¼ 193) were selected from the Australian Bone Marrow Donor Registry of Western Australia, with the consent of the ethics committee of the registry. They were derived from the remote Kimberley region and were selected on the basis that they specified their tribal origin. These selection criteria were expected to minimise carriage of European haplotypes.
Selection of SNPs
A total of 38 SNPs were analysed in this study, yielding a density of B0.6 SNP per kilobytes (see Table 1 ; Figure 1 ). We prioritised SNPs in coding segments, promoter, intronic and 3 0 untranslated regions to maximise selection of SNPs critical to disease susceptibility. We included SNPs originally identified in European populations, but known to exist in non-European populations. All SNPs have been identified earlier and can be found in the SNP database (http://www.ncbi.nlm.nih.gov/ projects/SNP/).
Genotyping by SNPlex, Amplifluor and Taqman assays DNA samples (n ¼ 999) were genotyped in the Centre National de Génotypage (Evry, France) using high throughput methods, specifically SNPlex, Amplifluor and TaqMan.
A measure of 6 mg DNA was mandated for genotyping and quality control procedures. Smaller samples with 4300 ng DNA were amplified with an REPLI-g Screening kit (Qiagen, Germantown, MD, USA). DNA was quantified spectrophotometrically and using Quant-iT dsDNA Broad-Range Assay Kits (Molecular Probes, Invitrogen, Carlsbad, CA, USA). To ensure DNA quality, random samples were amplified to detect two microsatellite markers yielding known band sizes (D19S879: 251 and 265 bp; D7S2473: 130 and 154 bp). DNA samples were excluded if no band appeared after agarose gel electrophoresis.
The SNPlex Genotyping System (SNPlex, Applied Biosystems, Carlsbad, CA, USA) was used to identify alleles of most bi-allelic loci selected for study. Candidate polymorphisms were submitted to the SNPlex Assay Design Pipeline (http://www.appliedbiosystems.com) to produce an SNPlex panel. Each SNP allele was ligated to an allele-specific oligonucleotide, then hybridised with a Zipchute probe with a mobility modifier and a fluorescent label, allowing the probe to be separated and detected by capillary electrophoresis. Detection was performed using an Applied Biosystems 3730xl DNA Analyzer. Data were analysed using GeneMapper Software 4.0, which distinguishes the probes as separate peaks by means of a unique modifier that determines mobility during the capillary electrophoresis. An allelic ladder containing all available ZipChute probes was included to correct for inter-assay size variations.
For Amplifluor reactions, primers were designed using AssayArchitect (www.assayarchitect.com) and reaction conditions were applied according to manufacturer's recommendation in a 5-ml final volume using a kit (Serologicals Corp., Norcross, GA, USA, www.serologicals. com) and Titanium Taq (Ozyme, Bath, UK). Amplifluor reactions were performed in an H2OBIT thermal cycler (ABgene, Epsom, UK, www.abgene.com). Thermal cycling profiles were as follows: 94 1C for 4 min, followed by 20 cycles (94 1C for 10 s, 55 1C for 5 s, 72 1C for 10 s), followed by 22 cycles (94 1C for 10 s, 55 1C for 30 s, 72 1C for 40 s) and a final extension phase at 72 1C for 60 s. Fluorescence was detected using an ABI Prism 7900HT (Applied Biosystems, www.appliedbiosystems.com) and used to assign genotypes.
Six SNPs were genotyped with 'Made to Order' Taqman assays using FAM or VIC-labelled probes and Universal PCR Master Mix (Taqman Applied Biosystems, Foster City, CA, USA). DNA samples were diluted to 10 ng ul -1 concentrations and amplified on an ABI Prism 7900HT (Applied Biosystems, www.appliedbiosystems.com), which detects fluorescence directly from a 384-well microtiter plate. Thermocycling profiles were as follows: one step of 10 min at 95 1C followed by 40 cycles of twostep PCR with denaturation at 92 1C for 15 s and annealing and extension at 60 1C for 1 min. Taqman assay IDs used were C__16134796_10, C__3273614_10, C__3273597_10, C__7514879_10, C__7514878_20, C__2215707_10 for rs2230365, rs3130055, rs2239527, rs1800629, rs1800750 and rs361525, respectively. Repeats and non-template controls were included in each run and analysed in parallel as quality controls.
Using these methods, the median (range) success rate for typing was 98(89-100)% for each SNP in all cohorts, with the exception of rs3130055, rs2239528, rs2230365, rs2229094 and rs1800629, in which all had a success rate of 46% in the Temuan population. The low success rates are not attributed to novel alleles as they remained in HWE (P40.6) and allele frequencies were similar to other cohorts.
Statistical analysis
Allele and genotype frequencies in each ethnic group were assessed for deviation from HWE using GENEPOP v3.3.
14 The PHASE algorithm was used to statistically infer TNF block haplotypes and estimate their frequencies within populations. 15, 16 Multiple iterations of the PHASE algorithm affected the total number of haplotypes required to define the cohorts, but haplotypes with a frequency 41% in any population were the same in all iterations.
Phylogeny of haplotypes
To assist the selection of haplotype tag SNPs and visualise the clustering of haplotypes, haplotypes were sorted using ClustalX2 software. 17 SNPs that tag individual haplotypes were selected visually and were considered to be haplotype specific if they were restricted to one haplotype with a frequency X1%.
All haplotypes were used to build a phylogenic tree by a parsimony method based on the DNAPARS algorithm of the PHYLIP software package. 18 As we had no 'ancestral' haplotype, the phylogeny was not rooted. The evolution of the TNF block haplotypes was then visualised with the NJPLOT tree drawing program. 19 The pie graphs reflect the cumulative frequencies of each haplotype.
